Abstract-This paper presents a novel structure for compact dualband balun design. The proposed structure is based on modified Marchand (with the fourth port shorted). To achieve the desired dualband operation, two additional open-ended stubs are added to the two balanced ports of the modified Marchand balun. Explicit design equations are then derived using even-odd mode analysis. Finally, to verify the design concept, a microstrip balun operating at 0.9/2 GHz are fabricated on Duroid RO3210 printed circuit board. Measurement results are in good agreement with the theoretical predictions.
INTRODUCTION
Balun is a microwave device for converting unbalanced signals to balanced one, and vice versa [1] [2] [3] . Such conversion is attractive, especially for differential-mode -RF/microwave circuits, since it will lead to improved signal timing, reduced electromagnetic interference and noise. Baluns can also be used as 180 hybrids, which further extends their applications [4] . The conventional baluns can be categorized into two types, namely, active and passive baluns. For active baluns, the transistors employed will consume more energy [5] . As for passive baluns, they can be classified as lumped-type and distributed-type [6] [7] [8] . The disadvantage of lumped-type balun is that it is difficult to maintain the 180 • phase difference and equal magnitude response between the two signals. The distributed-type Marchand balun features low loss, uni-planar structure, and low cost [9] . Therefore, this kind of balun is attractive for practical applications.
Meanwhile, with the rapid advance in wireless communications, the designs of many passive circuits are facing new challenges including compact size, wide bandwidth and multi-band operations. For example, high data-rate wireless communication systems, such as worldwide interoperability for microwave access (WiMAX) and wireless local area network (WLAN), require wide bandwidth up to several hundred of megahertz and flexibility of operating in multiple frequency bands. Among all of these new requirements, the multi-band operation is very important. It can lead to both the size and cost reduction of the whole system.
For balun design, different topologies had been studied for size reduction [10] [11] [12] [13] and bandwidth enhancement [14] [15] [16] . Efforts on multi-band baluns, however, are limited. Guo et al. realized a dual-band balun by replacing the uniform coupled-lines with tapered coupled-lines in a Marchand balun [17] . Another dual-band balun has been proposed using stepped impedance resonators in the coupled-line Marchand balun [18] . This structure features multiple coupled units that need careful tuning and tight control in the prototype fabrication. In [19] , based on the conventional Marchand balun, a dual-band balun was achieved by attaching two open stubs. Apart from Marchand-type balun, another dual-band balun based on branch line structure has also been proposed [20, 21] . This design has a good performance and is easy to realize. However, the physical size of this structure is large.
To address this issue, in this paper, we propose and demonstrate a novel compact structure of dual-band baluns. In this structure, two open-ended stubs are connected at the balanced ports of a modified Marchand balun. By adjusting the stub impedances and coupledline even-odd mode impedances, the desirable equal-amplitude and out-of-phase responses can be achieved at two operating frequencies. For the purpose of experimental demonstration, a microstrip balun working at 0.9/2 GHz is fabricated on printed circuit boards (PCB). The measurement results verified the design concept.
THEORETICAL ANALYSIS

Design Concept of Dual-Band Balun
A 3-port balun circuit can be obtained by terminating one port of a symmetrical 4-port network with arbitrary port impedances [22] . Fig. 1(a) illustrates an example of realizing 3-port baluns based on 4-port networks, where a short termination is applied at one specified port (port 4). Here, all the coupled-line sections are quarterwavelength long.
To achieve the dual-band operation, two additional stubs are attached at the two balanced ports of the modified Marchand baluns as shown in Fig. 1(b) , leading to the proposed dual-band balun. The electrical lengths of the couple line sections in this balun are θ c , and the length of the shunted stubs is θ s . An intuitive explanation of the design concept is that the shunted stubs introduce a transmission zero in the pass-band so that the fundamental band splits into two separate operating bands. In addition, it is found that θ s must be an integer multiple of θ c . The impedance of the stub and the even-odd mode impedances are functions of the input/output impedances of the balun. Detailed mathematical derivations of these parameters will be provided.
Applying the even-odd analysis method, the even-and odd-mode equivalent circuits of the proposed balun are shown in Figs been derived for synthesizing this kind of 3-port baluns [22] .
The first Equation (1a) is to ensure that S 21 = −S 31 , while the second equation considers the matching condition at port 1 (input port), S 11 = 0. These equations imply that, to achieve perfect amplitude and phase balance, the balun has to present a transmission stop for the even-mode circuit, that is T e = 0. When it comes to the odd-mode circuit, the solution will vary depending on the termination of port 4 (depending on Γ). Since port 4 is grounded in our case (Γ = −1), the corresponding conditions for balun operation are:
By substituting Y even , Y odd and Y in (defined in Fig. 2 ) into (1b), more insightful conclusions are obtained [23] :
In our case, the even-mode circuit ( Fig. 2(b) ) of the proposed dual band balun structure is naturally a transmission stop network for all bands. In fact, this is one of the ten typical two-port coupled line structures discussed in [24] . Similarly, the odd-mode circuit can be analyzed. The details regarding the derivations of Y even and Y odd are discussed below.
First, we write the ABCD matrix of the even mode circuit. Then from the ABCD matrix, S 11 can be gotten. Finally, from S 11 we can derive the Y even . The derivation of odd mode circuit follows the same procedure. After a lengthy analysis process, the final results are as follows (note: for the ease of expression, we have listed the real and imaginary part of Y even and Y odd separately): 
where θ c = 0
From the above design equations, we can predict the following proprieties of the solutions of Y even and Y odd versus θ c : They are periodic and symmetrical in nature with period equating to π, since "θ c " and "π − θ c " give the same expression. This is the intrinsic property of proposed structures for dual band operation. Figs. 3-5 ). Fig. 3 shows the solutions of Z oe , Z oo in the 50-50 Ω system. We set n = 1 for the most compact design. It can be seen that the balun could be realized by the practical value of Z oe and Z oo with θ c between 30 • and 60 • as well as 120 • and 160 • depending on the value of stub impedance Z s . In general, the required values of Z oe and Z oo increase with increasing Z s . For θ c in the 30 • to 60 • range, Z oe and Z oo decrease monotonically with increasing θ c . Figure 4 shows the solutions in impedance transforming system (input and output port have different impedance). It is observed that, when the ratio increases, the distance between even and odd mode impedances decreases, leading to decreased coupling coefficient. This implies that higher impedance transformation ratio is easier to be implemented in practice.
Discussion for Larger n
The above discussion is based on n = 1 situation (n is defined in Eq. (8)), which means the stub and the couple line have the same length. For larger n, larger design flexibility can be achieved. Fig. 5 shows the even-odd mode impedances when n equals to 1, 2 and 3. These parameters are calculated in 50-250 system. In Fig. 5(a) Fig. 5(a) , the practical frequency range changes a bit with different n. But the overall trend stays the same. These examples show clearly the influence of n on the proposed designs.
DESIGN PROCEDURE
The design procedure of the new dual-band balun could be summarized as the following steps:
(1) The couple line electric length is 90 • at the middle frequency of two operating bands. The length of coupled line should be designed first. (2) Due to the linear relation between frequency and electrical length or physical length, we can calculate the electrical length at lower frequency and higher frequency band as (
• , respectively. According to input-output impedances of the system, we can get the different combinations of evenodd mode impedances at smaller and larger electrical length with respect to lower and higher frequency bands for different n values (Eqs. (1)- (8) are applied). The two impedances are the same due to the symmetrical property. We should choose the smallest n and appropriate stub impedance which can satisfy the design requirements and ensure that the resulting even-odd mode impedances can be realized in practical fabrication. (3) According to n, we can compute the length of the shunted stubs.
From the stub impedance and even-odd mode impedances, we can finally calculate the physical dimensions of the microstrip line and the coupled line. Table 1 shows some typical combinations of dual operation frequencies. Since the GSM system and IEEE 802.11 standard are often used, the corresponding design parameters for them are listed in this table. The resulting dual-band baluns could be easily implemented using different fabrication techniques. The schematic-level simulation results are shown in Fig. 6 .
PROTOTYPE FABRICATION AND MEASUREMENT
To demonstrate the feasibility of our design concept, validate the analytical results and evaluate the performance of proposed structures, a balun was fabricated for 50-250 Ω system. For this balun, it can be realized by symmetrical lines such as stripline using multilayer substrate technologies. For microstrip realization, however, special attention is required due to its nature of unequal even and odd mode phase velocities. This undesired property could degrade the performance of the fabricated dual-band balun. Figure 7 shows a physical layout of proposed dual-band balun. An experimental prototype fabricated on Duroid RO3210 printed circuit board is shown in Fig. 8 .
According to the design procedures described above, a set of evenodd mode impedances associated with stub impedances were calculated for a dual-band balun working at 0.9 GHz and 2 GHz. Both coupledline section and shunted stub have an electric length of 90 • at 1.45 GHz, which is the middle frequency of the two operation bands. Figure 9 shows the measured and full-wave simulated amplitude responses of the fabricated dual-band balun. The overall measured result shows a good agreement with the simulated one. The measured S 21 at 2 GHz, respectively. According to the measurement, the balun has 32.3% fractional bandwidth at 0.9 GHz and 15.5% fractional bandwidth at 2 GHz. The mismatch in the measurement data is introduced by our measurement setup (e.g., coaxial cables are used to feed port 2 and port 3 from the backside, which introduce additional losses/mismatches). Fig. 10 shows the phase characteristic. In two operation bands, the phase differences are within the range of 180 • ±2 • , verifying the desired balun operation. Finally, it is worth to point out that the proposed dual-band balun can be easily redesigned to support other working frequencies with different frequency ratios, although they have higher loss (as shown in Fig. 9 ) and narrower bandwidth compared with conventional singleband designs. The narrower bandwidth is due to the additional shunted stubs. The higher loss is probably due to the additional cables we used to measure the 50-250 Ω system as shown in Fig. 9 .
CONCLUSION
A dual-band balun with shunted stubs based on short-ended structure has been presented in this paper. Detailed theoretical calculations of this proposed balun is included. To verify the design concept, an experimental prototype has been fabricated and measured. The measurement results match with the simulations. The proposed dualband balun features compact size and high design flexibility. It can be easily scaled for other working frequencies. In the future, more flexibility of proposed baluns will be introduced by adjusting the location of the shunted stubs.
